The annulus fibrosus (AF) of a mature lumbar intervertebral disk is rich in collagen type I and contains up to 25 lamellae, with the collagen fibers aligned parallel to one another traversing between adjacent vertebrae at an angle of \~60 degrees to the axis of the spine. This lamellar arrangement is ideal for resisting the tensile forces induced by both bending and twisting of the spine.[@JR1300002-1] In contrast to the highly organized AF, the nucleus pulposus (NP) is rich in collagen type II fibers that are arranged in a random fashion to entrap the highly anionic proteoglycan, aggrecan, which confers the swelling properties important for resistance to compression.[@JR1300002-2] The high proteoglycan content of the NP is thought to be a major factor in preventing nerve ingrowth into the disk, which is largely aneural and avascular in a healthy young spine.[@JR1300002-3]

Disk degeneration, which starts in the young adult and progresses with advancing age,[@JR1300002-4][@JR1300002-5] has been proposed to be due to a decrease in nutrition as a result of progressive mineralization of the cartilage end plate, through which the majority of nutrients gain access to the intervertebral disk. During degeneration, phenotypic changes of the resident cells result in reduced proteoglycan synthesis as well as a switch in collagen synthesis with less collagen type II and more collagen type I and III and an increase in matrix metalloproteinase (MMP) synthesis/activity.[@JR1300002-6][@JR1300002-7] Degradation of the extracellular matrix and proteoglycan loss from the NP result in a decrease in weight-bearing capacity and in a loss of disk height. In the final stages of disk degradation, fissures appear in the annular ring, allowing extrusion of the NP and generation of pain due to compression of nerves.[@JR1300002-8] However, pain can also occur in the early stages of disk degeneration and in the absence of nerve compression. This so-called discogenic pain (or painful degenerative disk disease) seems to be related to the occurrence of inflammatory mediators.

The importance of inflammatory mediators in pain development has been demonstrated by clinical studies as well as by laboratory investigation.[@JR1300002-9] The expression of inflammatory mediators in the degenerated/herniated disks as well as their involvement in the process of disk degeneration (i.e., in the induction of catabolic processes) has been investigated in detail during the past decade. It was shown that intervertebral disk cells, and also monocytes or macrophages that invade the degenerated disk (i.e., CD68-positive cells), can secrete cytokines.[@JR1300002-10][@JR1300002-11] Identification of the relevance of these mediators in the development of discogenic back pain has led to an improved understanding of the molecular mechanisms of back pain, thus creating new possibilities of more targeted therapeutic intervention.

Expression and Regulation of Inflammatory Mediators in the Intervertebral Disk
==============================================================================

Different methods have been used in the past to identify the expression and regulation of candidate inflammatory mediators in the intervertebral disk. To identify how degeneration or disk-related disease influences the level of inflammation, gene and protein expression analysis in healthy and degenerated/diseased tissue has been performed. Clearly, the highest level of relevance is obtained with human disk tissue. However, performing comparative analyses in humans is hindered by difficulties in:

1.  Discriminating between disk degeneration and normal processes of aging

2.  Distinguishing between symptomatic and asymptotic degenerated disks

3.  Creating identical groups (with regard to age, level and degree of degeneration, disease)

4.  Distinguishing between NP and AF in degenerated disks (clinical material)

5.  Obtaining healthy control tissue

Therefore, animal models with a high level of controllability are useful to identify candidates and mechanisms of inflammation, thus gaining knowledge that can then be verified in human disk tissue/cells.

Expression of Inflammatory Mediators: Animal Models
---------------------------------------------------

In several studies, the expression of inflammatory mediators has been compared between healthy and degenerated disks, using specific degeneration models in rabbits or rats.[@JR1300002-12][@JR1300002-13][@JR1300002-14] Historically, research has focused primarily on interleukin (IL)-1β and tumor necrosis factor (TNF)-α, which were the first inflammatory mediators described in the disk, but additional candidates such as IL-6 and IL-8 are now coming into focus.

A typical method of inducing disk degeneration in vivo is stab incision (either through the bony end plate or through the AF) in rabbits, rats or pigs, which has been shown to induce expression of IL-1, IL-8, IL-10, or TNF-α,[@JR1300002-13][@JR1300002-14][@JR1300002-15] with higher and more prolonged effects after repeated injury.[@JR1300002-13]

Apart from in vivo models, experiments on the role of inflammatory mediators during disk degeneration have also been performed in whole-organ culture models. End plate fracture due to excessive loading in rabbit disks as well as injurious mechanical loading of bovine disks induces degenerative processes that are characterized by an inflammatory component (TNF-α, IL-1β, IL-6, IL-8, monocyte chemotactic protein-1).[@JR1300002-16][@JR1300002-17]

In addition, in vivo models that simulate radiculopathic pain by placing autologous NP material on the dorsal root ganglion have been developed and extensively used over the past years (see Inflammatory Mediators and Nerve Fibers---Discogenic Pain).

Expression of Inflammatory Mediators: Human Models
--------------------------------------------------

Changes in the expression of inflammatory mediators with degeneration, aging, or the occurrence of certain diseases (e.g., herniation) were investigated in the past. However, analysis of human disks is often hampered by the appropriate selection of tissue. Furthermore, it has to be noted that detection of increased levels of a certain mediator does not allow for conclusive statements with regard to its relevance in vivo (e.g., with regard to pain development). Importantly, most studies on human biopsies from patients with disk degeneration without herniation (i.e., painful degenerative disk disease) did not analyze follow-up pain reduction in the operated patient (i.e., it is unclear whether the removed and analyzed tissue was indeed the pain source). In the future, these aspects will need to be considered if inhibition of intervertebral disk inflammation should be used as a therapeutic option.

The primary approach of identifying key players during inflammatory disk disease is to analyze gene or protein expression of disk tissues with different pathologies, either from autopsies or biopsies. Summarizing existing studies is rendered challenging as multiple different pathology comparisons have been undertaken. However, research activities of the past clearly demonstrate increased levels of IL-1β, IL-8, and TNF-α during various pathologies, indicating that these three factors may play an essential role during disk degeneration and discogenic pain ([Table 1](#TB1300002-1){ref-type="table"}).

###### Expression of inflammatory mediators in human intervertebral disk tissue

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Mediator                          A/B      Disease[a](#FN1300002-2){ref-type="table-fn"}   Method      Comparison             NP/AF      Reference
  --------------------------------- -------- ----------------------------------------------- ----------- ---------------------- ---------- ---------------------------------
  IL-1β↑                            A + B\   DDD + H\                                        PCR, IHC\   Degree of DD\          NP + AF\   [@JR1300002-18]\
                                    A + B\   DDD\                                            PCR, IHC\   Degree of DD\          NP + AF\   [@JR1300002-19]\
                                    A + B\   DDD + H\                                        FC\         DDD/H vs. control\     Disk\      [@JR1300002-20]\
                                    A + B\   H\                                              IHC\        H vs. control\         Disk\      [@JR1300002-21]\
                                    B        H                                               PCR         Degree of DD           NP         [@JR1300002-31]

  IL-2↑                             A + B    DDD + H                                         FC          DDD/H vs. control      Disk       [@JR1300002-20]

  IL-4↑                             A + B    DDD + H                                         FC          DDD/H vs. control      Disk       [@JR1300002-20]

  IL-6↑                             B\       H + S + T\                                      E\          H vs. S/T\             Disk\      [@JR1300002-12][@JR1300002-13]\
                                    B\       H\                                              E\          Levels of cytokines\   Disk\      [@JR1300002-26]\
                                    B        DDD + H                                         E           DDD vs. H              NP         [@JR1300002-33]

  IL-8↑                             B\       DDD\                                            WB\         DDD vs. H\             NP\        [@JR1300002-32]\
                                    B\       H\                                              PCR\        Levels of cytokines\   Disk\      [@JR1300002-34]\
                                    B\       H\                                              E\          Levels of cytokines\   CSF\       [@JR1300002-27]\
                                    B\       DDD + H\                                        E\          DDD vs. H\             NP\        [@JR1300002-33]\
                                    B        H^+^ S                                          E           H vs. S                NP         [@JR1300002-25]

  IL-17↑                            A + B    DDD/H                                           IHC         DDD/H vs. control      NP + AF    [@JR1300002-11]

  Interferon-γ↑                     B        DDD + S                                         E           DDD vs. S              Disk       [@JR1300002-28]

  Leukotriene ↑                     B        H                                               E           Types of H             Disk       [@JR1300002-35]

  Monocyte chemotactic protein-1↑   B\       H\                                              E\          Levels of cytokines\   Disk\      [@JR1300002-26]\
                                    B        H + S                                           E           H vs. S                NP         [@JR1300002-25]

  NO↑                               B        H + S/T                                         E           H vs. S/T              Disk       [@JR1300002-12][@JR1300002-13]

  Prostaglandin 2↑                  B\       H\                                              E\          H vs. control\         Disk\      [@JR1300002-12][@JR1300002-13]\
                                    B        H                                               E           Types of H             Disk       [@JR1300002-36]

  TNF-α↑                            A + B\   DDD + H\                                        PCR, IHC\   Degree of DD\          NP + AF\   [@JR1300002-18]\
                                    A + B\   DDD + H\                                        PCR, IHC\   Age + Degree of DD\    NP + AF\   [@JR1300002-29]\
                                    B\       DDD\                                            WB\         DDD vs. H\             NP\        [@JR1300002-32]\
                                    A + B\   DDD + H\                                        IHC\        Age + Symptoms\        NP + AF\   [@JR1300002-30]\
                                    B\       H\                                              PCR\        Levels of cytokines\   Disk\      [@JR1300002-34]\
                                    A + B\   DDD/H\                                          FC\         DDD/H vs. control\     Disk\      [@JR1300002-20]\
                                    A + B\   DDD\                                            IHC\        DDD vs. control\       AF\        [@JR1300002-22]\
                                    B        H                                               PCR         Degree of DD           NP         [@JR1300002-31]

  Thromboxane ↑                     B        H                                               E           Types of H             Disk       [@JR1300002-35]
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Abbreviations: A, autopsy; AF, annulus fibrosus; B, biopsy; CSF, cerebrospinal fluid; DD, disk degeneration; DDD, degenerative disk disease (i.e., discogenic pain); E, enzyme-linked immunosorbent assay; FC, flow cytometry; H, herniation/sequestration; IHC, immunohistochemistry; IL, interleukin; NO, nitric oxide; NP, nucleus pulposus; PCR, polymerase chain reaction; S, scoliosis; T, trauma; TNF-α, tumor necrosis factor-α; WB, Western blot.

Disease in case of biopsy.

### Degeneration/Herniation Versus Controls

In degenerated/herniated disks, IL-1β and TNF-α expression is elevated,[@JR1300002-18][@JR1300002-19][@JR1300002-20][@JR1300002-21] with IL-1β expression being more elevated than TNF-α expression.[@JR1300002-18][@JR1300002-19] In addition, levels of IL-2, IL-4, IL-10, IL-12, and IL-17 are increased in degenerated/herniated samples relative to healthy controls.[@JR1300002-11][@JR1300002-20] Interestingly, high-intensity zones in the AF, which can be detected by T2-weighted magnetic resonance imaging in painful degenerated disks, contain higher levels of TNF-α than surrounding AF tissue or control AF tissue.[@JR1300002-22]

Instead of analyzing the expression of inflammatory mediators in the tissue, it is also possible to analyze their secretion upon placement of tissue into culture medium. Using this approach, Kang et al were able to demonstrate that herniated lumbar and cervical disks release higher amounts of NO, prostaglandin 2, and IL-6 than scoliotic/traumatic control disks (IL-1α, IL-1β, and TNF-α were under the detection limit).[@JR1300002-23][@JR1300002-24] Similarly, herniated disks released more IL-8 and monocyte chemotactic protein-1 than scoliotic disks.[@JR1300002-25] Furthermore, herniated disks show high levels of IL-6 and IL-8 compared with other inflammatory mediators, as demonstrated by diskographic lavage of herniated disks or enzyme-linked immunosorbent assay analysis of cerebrospinal fluid.[@JR1300002-26][@JR1300002-27] Furthermore, diskographic lavage indicated that disks with painful degenerative disk disease are characterized by high levels of interferon-γ compared with scoliotic control disks.[@JR1300002-28]

### Process of Aging/Degeneration

TNF-α and IL-1β mRNA and protein levels have also been shown to be upregulated with increasing age/degeneration, with higher levels in the NP compared with the AF as well as higher levels in symptomatic versus asymptomatic disks.[@JR1300002-29][@JR1300002-30][@JR1300002-31]

### Herniation Versus Painful Degenerative Disk Disease

When comparing NP material from disk herniation to painful degenerative disk disease, protein expression of TNF-α and IL-8 is increased in the degenerative disk disease group, and both groups had similar levels of IL-1β, IL-6, and IL-12.[@JR1300002-32] Therefore, TNF-α and IL-8 might be promising candidates to treat patients with discogenic back pain on a molecular level (e.g., with inhibitors or receptor antagonists). In a similar study, Burke et al found that cultured biopsies (mostly NP material) from patients suffering from painful degenerative disk disease release higher levels of IL-6 and IL-8 than biopsies from patients with sciatica/herniation.[@JR1300002-33] In fact, IL-8 has not only been shown to be highly expressed in herniated disks (IL-8 \> TNF-α \>\> IL-1α and IL-10), but also seems to be associated with the development of short-term radicular pain.[@JR1300002-34]

### Contained Herniation Versus Noncontained Herniation

Noncontained herniated disks possess higher levels of leukotriene B4 and thromboxane B2 than contained herniated disks.[@JR1300002-35] Furthermore, the level of prostaglandin 2 is highest in sequestered disks, followed by extruded and finally protruded disks.[@JR1300002-36]

Regulation of Inflammatory Mediators
------------------------------------

As demonstrated previously, the degree of degeneration clearly influences the levels of inflammatory mediators in the intervertebral disk. The exact mechanism is unclear, but it may be related to the accumulation of specific matrix fragmentation products.[@OR1300002-37] However, multiple other internal and external cues can influence disk inflammation (e.g., heredity, inflammation, mechanical loading, oxygenation, or the presence of other cell types).

### Heredity

There is growing evidence that demonstrates a strong involvement of heredity in the development of disk degeneration (e.g., due to polymorphisms in the genes encoding disk-typical extracellular matrix proteins such as collagen I, collagen IX, collagen XI, or aggrecan).[@JR1300002-38][@JR1300002-39][@JR1300002-40] However, recent studies also demonstrate that single nucleotide polymorphisms of IL-1β as well as of the IL-1 receptor antagonist may play a role in lumbar disk herniation and degeneration.[@JR1300002-41][@JR1300002-42][@JR1300002-43] Furthermore, the importance of the IL-1A gene in the pathophysiology of Modic changes and disk signal intensity on magnetic resonance imaging has been demonstrated.[@JR1300002-44][@JR1300002-45] IL-6 as well as IL-10 single nucleotide polymorphisms also seem to be involved in the development of disk degeneration and disk disease-related sciatica (for IL-6).[@JR1300002-46][@JR1300002-47][@JR1300002-48]

### Inflammation

Apart from heredity, one of the major internal cues controlling inflammation is the occurrence of inflammatory mediators themselves. Use of various in vitro models has clearly demonstrated that exposure of intervertebral disk cells to inflammatory cytokines cause upregulation of multiple inflammatory mediators. Treatment of disk cells with IL-1α or IL-1β leads to an increase in mRNA and/or protein expression of inducible nitric oxide synthase (iNOS)/nitric oxide, IL-1β, IL-6, IL-8, IL-20, prostaglandin 2, and TNF-α[@JR1300002-12][@JR1300002-49][@JR1300002-50][@JR1300002-51][@JR1300002-52][@JR1300002-53][@JR1300002-54][@OR1300002-55][@JR1300002-56][@JR1300002-57] in cells from different species (human,[@JR1300002-50][@JR1300002-51][@JR1300002-52][@JR1300002-53][@JR1300002-54][@OR1300002-55][@JR1300002-56][@JR1300002-57] porcine,[@JR1300002-53] bovine,[@JR1300002-49] rabbit[@JR1300002-12]). Similarly, exposing disk cells to TNF-α induced expression of IL-1β, IL-6, nitric oxide, prostaglandin 2, and TNF-α,[@JR1300002-56][@JR1300002-58][@JR1300002-59] and IL-17 treatment induced nitric oxide and prostaglandin 2 synthesis.[@JR1300002-59] Studer et al stimulated human NP cells with IL-6 and found an increase in prostaglandin 2 synthesis and cyclooxygenase-2 mRNA expression, which was even stronger if cotreatment with IL-1β or TNF-α was performed.[@JR1300002-60] The cytokine IL-20 also induces expression of IL-1β, IL-6, and monocyte chemotactic protein-1 in isolated human disk cells.[@JR1300002-57] Importantly, the response of disk cells to the inflammatory environment seems to be determined by the cellular localization (NP, AF) as well as by the degree of degeneration.[@JR1300002-12][@JR1300002-54][@OR1300002-55]

### Mechanical Loading

The effects of mechanical loading on intervertebral disk anabolism and catabolism have been investigated over the past decade.[@JR1300002-61][@JR1300002-62] However, only few studies investigated the role of mechanical loading on disk inflammation. Application of asymmetric wedge compression on bovine caudal disks resulted in an upregulation of IL-1β and IL-6 mRNA expression, which coincided with a shift toward catabolism.[@JR1300002-17] Excessive torsional loading in an in vivo rat tail model resulted in a slight increase of IL-1β and TNF-α mRNA expression in the AF.[@JR1300002-63] In a rabbit disk explant model, Dudli et al were able to demonstrate that end plate fracture due to mechanical loading (but not the load impact itself) results in an increase in mRNA expression of TNF-α, IL-6, IL-8, and monocyte chemotactic protein-1 early after the event.[@JR1300002-16] Nitric oxide production was increased after application of high hydrostatic pressure in NP/AF cells or after exposure of AF cells to 5% cyclic tensile strain.[@JR1300002-64][@JR1300002-65] Although the above-mentioned studies applied mechanical loading in a noninflammatory environment, Miyamoto et al and Sowa et al applied cyclic strain under inflammatory conditions.[@JR1300002-12][@JR1300002-66] When cyclic strain was applied to rat NP and AF cells, mechanical loading alone resulted in an increase in prostaglandin 2, which was synergistically enhanced under inflammatory conditions. In contrast, tensile stress (6%; 0.05 Hz) protected rabbit AF cells from the detrimental effects of IL-1β stimulation.[@JR1300002-67] Importantly, the beneficial effect of cyclic strain on AF cells isolated from healthy tissue (e.g., reduction in iNOS) is lost in cells from degenerative disks.[@JR1300002-12] These, findings illustrate that type, magnitude, frequency, and duration as well as health status of the tissue determine whether the applied mechanical load has inflammatory or anti-inflammatory/protective effects.

### Oxygenation

Variations in oxygen levels have long been known to influence disk metabolism.[@JR1300002-7] However, little is known about the effect of oxygen on disk inflammation. It has been demonstrated recently that exposure of disk cells (isolated from human degenerated tissue) to hyperbaric oxygen (100% O~2~; 2.5 atm) reduced levels of IL-1β and nitric oxide, possibly by inhibiting the mitogen-activated protein kinase (MAPK) pathway.[@JR1300002-68] Comparable results were found in a rodent in vivo study, with reduced levels of IL-1β, prostaglandin 2, and iNOS upon hyperbaric oxygen treatment.[@JR1300002-69] On the other hand, oxidative/nitrosative stress (i.e., application of peroxynitrite) increased expression of IL-1β, IL-6, and IL-8 due to nuclear translocation of nuclear factor kappa-B (NF-κB).[@JR1300002-70]

### Exposure to Macrophages and Notochordal Cells

Macrophages have been shown to infiltrate degenerated intervertebral disks.[@JR1300002-71] Disk cell-macrophage interaction leads to increased levels of IL-6, IL-8, iNOS, and prostaglandin 2,[@JR1300002-72][@JR1300002-73][@JR1300002-74][@JR1300002-75][@JR1300002-76][@JR1300002-77][@JR1300002-78] but contradictory results were found for TNF-α and IL-1β, with some studies showing increased expression upon coculture,[@JR1300002-12][@JR1300002-13] and others showed no alteration and generally low levels.[@JR1300002-75] Interestingly, notochordal cells or notochordal cell-conditioned medium seems to protect AF cells from increased inflammation upon exposure to macrophages (THP-1 cells)[@JR1300002-76] or after stimulation with IL-1β.[@JR1300002-79]

Inflammatory Mediators and Proteinases---Disk Degeneration
==========================================================

Proteases are responsible for fragmentation and breakdown of important components of the extracellular matrix, including aggrecan and collagen in the degenerating disk, but they also have significant roles in normal remodeling of the disk.[@JR1300002-80][@JR1300002-81][@JR1300002-82] Matrix metalloproteinases (MMP1, -2, -3, -7, -9, -13), aggrecanases/a Disintegrin and Metalloproteinase with Thrombospondin Motifs (ADAMTS4, -5), and cathepsins (cathepsins K, D, and L) are all upregulated in the disk during degeneration.[@JR1300002-83][@JR1300002-84][@JR1300002-85] Aggrecan proteolysis by MMPs, however, has been shown to be mainly a process of normal turnover in the disk, in which cathepsin K also seems to have a significant role.[@JR1300002-86] HtrA1(High Temperature Requirement Factor A1) is a serine protease that plays a central role in the pathology of arthritic diseases such as osteoarthritis,[@JR1300002-87] but also participates in disk degeneration, during which its levels are elevated.[@JR1300002-88]

Inflammatory cytokines are known to regulate protease production and the direct effects of specific cytokines have been studied in 2-D and 3-D cultures of isolated NP and AF cells. Treatment of disk cells with IL-1β increased expression of MMP1, MMP2, MMP3, MMP9, MMP13, syndecan 4, iNOS, ADAMTS4, and ADAMTS5 and decreased levels of aggrecan, collagen type I, collagen type II, SOX6, and SOX9,[@JR1300002-19][@JR1300002-50][@JR1300002-51][@JR1300002-52][@JR1300002-56][@JR1300002-89][@JR1300002-90][@JR1300002-91][@JR1300002-92] with generally higher effects in NP cells than AF cells.[@JR1300002-19] IL-1α treatment was also shown to increase protein levels of MMP1 and MMP3 in human NP cells.[@JR1300002-53]

Similar to IL-1β, exposure of isolated disk cells or entire motion segments to TNF-α increased expression of MMP1, MMP3, MMP9, MMP13, ADAMTS4, and ADAMTS5[@JR1300002-56][@JR1300002-93][@OR1300002-94] (probably via the NF-κB and MAPK pathway[@JR1300002-95]) and decreased expression and synthesis of aggrecan and collagen type II.[@JR1300002-93] Compared with IL-1β treatment, effects of TNF-α on MMP3 and MMP9 were less pronounced.[@JR1300002-56] MMP2 activity was stimulated in bovine NP cultures, and no changes on gene and protein expression levels were noted.[@JR1300002-96]

Exposure to IL-6 increased MMP3, decreased collagen and aggrecan expression, and inhibited proteoglycan synthesis, and this effect was potentiated by IL-1β and/or TNF-α.[@JR1300002-60]

Based on the described studies, inflammatory mediators clearly influence catabolism in the disk, primarily via alteration in (1) the expression and activity of MMPs and ADAMTs and (2) proteoglycan synthesis and degradation. However, intervertebral disk catabolism can also be influenced by mechanical loading, with effects depending on the magnitude, frequency, and duration of the applied load.[@JR1300002-61] Unphysiologic mechanical stress (i.e., static or hyperphysiologic loading) is not only able to induce catabolic effects but also can cause programmed cell death in disk cells.[@JR1300002-97] An important interplay seems to exist between various environmental factors in the disk as it has been most recently described that inflammatory mediators such as nitric oxide and IL-1β are also able to negatively influence cell viability, especially if other limiting factors such as serum deprivation are applied.[@JR1300002-98][@JR1300002-99][@JR1300002-100][@JR1300002-101][@JR1300002-102]

Inflammatory Mediators and Nerve Fibers---Discogenic Pain
=========================================================

Innervation of the Intervertebral Disk
--------------------------------------

Under normal conditions, the terminals of both sympathetic and sensory nerves, including a subset of nociceptive fibers that sense pain, penetrate only the outer third of the AF as illustrated in [Fig. 1](#FI1300002-1){ref-type="fig"}[@JR1300002-103][@JR1300002-104] The sensory nerve fibers originate from the dorsal root ganglion of the spine.[@JR1300002-105][@JR1300002-106] It has been proposed that cells in degenerating disks can synthesize and release "neurogenic" factors that attract a subset of peptidergic small neurons into the disk.[@JR1300002-107] Freemont and colleagues have reported that deep nerve growth into the inner third of human lumbar disks was present in 57% of disks collected from patients with chronic low back pain compared with 25% of disks harvested postmortem from subjects without a history of back pain.[@JR1300002-108] Some of the fibers penetrating deep into disk tissue were identified as immunopositive for the neuropeptide substance P, which is commonly expressed by small unmyelinated nociceptive nerve fibers involved in pain sensation. The nerve fibers in the healthy disk display the same histologic profile as the ones found in painful disks, indicating that the difference is not due to the type of nerve fibers innervating a painful disk but rather to the pattern and quantity of the innervating nerves. Painful disks have a higher number and density of nerve fibers penetrating deep into the disk ([Fig. 1](#FI1300002-1){ref-type="fig"}).[@JR1300002-107] Radial fissures, proteoglycan loss, and reduced pressure in the NP are often seen in innervated disks.[@JR1300002-3][@JR1300002-109][@JR1300002-110] Given the proposed role of proteoglycans as a barrier to vascular and neural ingrowth into the NP, it has been proposed that excessive metalloproteinase activity and matrix degradation is a stimulus for vascular and neural ingrowth into the disk.[@JR1300002-3] The increased penetration of nerve fibers in degenerated disks could also result from elevated expression of nerve growth factor, which is upregulated in disk cells by proinflammatory cytokines such as TNF-α and IL-1β.[@JR1300002-108][@JR1300002-111][@JR1300002-112][@JR1300002-113] Richardson et al have demonstrated that cells from degenerated disks express factors stimulating neurite outgrowth, from an SH-SY5Y neuroblastoma cell line. Furthermore, addition of anti-nerve growth factor resulted in decreased neurite expressing cells, and addition of anti-brain-derived neurotrophic factor resulted in both decreased neurite length and fewer neurite-expressing cells.[@JR1300002-114] As another trigger of nerve growth factor production is ischemia in the cardiovascular system (reviewed by Nico et al[@JR1300002-115]), it is reasonable to speculate that the hostile environment in the degenerated disk with low oxygen and glucose levels alone could induce nerve growth factor production, which in the presence of cytokines would be further enhanced ([Fig. 1](#FI1300002-1){ref-type="fig"}).[@JR1300002-116] To date, little is known about the link between mechanical forces and the release of chemical mediators, but it is speculated that adverse mechanical forces could result in cytokine and nerve growth factor production, recruiting and activating nociceptive fibers deep in intervertebral disks and thus generating "discogenic pain."

![Schematic representation of innervations and vascularization pattern in healthy and degenerate intervertebral disk. (A) Nerve fibers and blood vessels penetrate only the outer third of the AF in healthy disks with a high proteoglycan content. (B) Low oxygen levels, low glucose concentrations, end plate calcification, and adverse load contribute to an increased production of proteases, cytokines, and neurogenic and angiogenic factors resulting in matrix degradation and attraction of nerve fibers and blood vessels. (C) Nerve fibers and blood vessels penetrate deep into the degenerated disk as a result of the low proteoglycan content and the increased production of angiogenic and neurogenic mediators. Abbreviations: AF, annulus fibrosus; DRG, dorsal root ganglion; iAF, inner annulus fibrosus; NP, nucleus pulposus.](10-1055-s-0033-1347299-i1300002-1){#FI1300002-1}

Vascularization
---------------

Nerves and blood vessels often comigrate into the disk. Nerve growth factor affects not only nerve cells but also can function as a chemotactic agent for endothelia cells resulting in neovascularization, reviewed by Nico et al.[@JR1300002-115] The endothelia cells of the ingrowing blood vessels express both proteinases and nerve growth factor. In addition, disk cells exposed to TNF-α and IL-1β respond with increased expression of vascular endothelial growth factor, nerve growth factor, and brain-derived neurotrophic factor, which may further promote innervations. Nerve growth factor functions in concert with vascular endothelial growth factor and shares the Ras/ERK and P13K/Akt intracellular signaling pathways affecting survival and proliferation of nerve and endothelial cells. Santos et al suggest that nerve growth factor might be involved in capillary sprouting by inducing vascular endothelial growth factor, which would promote endothelial cell growth, remodeling of the extracellular matrix, and functional maturation of new forming vessels.[@JR1300002-117]

Animal Models of Pain
---------------------

The effects of disk herniation and consequent induction of pain can be simulated by placing autologous NP material on the dorsal root ganglion. Originally, this model has been used to demonstrate the inflammatory properties of the NP.[@JR1300002-118][@JR1300002-119] In the years thereafter, researchers used this model to identify inflammatory mediators that induce radiculopathic pain, either in a direct or an indirect approach. Using a direct approach, Cuéllar et al performed epidural lavage between 3 and 24 hours after inducing herniation and found an increase in epidural IL-6, TNF-α, and interferon-γ.[@JR1300002-120] In addition, several studies investigated pain behavior (e.g., via von Frey filament testing) after application of inflammatory mediators expected to induce pain behavior upon contact with dorsal root ganglions and compared this with effects seen after application of autologous NP. In this context, TNF-α proved to induce pain behavior similar to NP treatment,[@JR1300002-121][@JR1300002-122] and application of antibodies to IL-1β, TNF-α, or high mobility group protein B1 as well as application of NF-κB decoy (i.e., NP + treatment) reduced pain behavior (compared with NP alone).[@JR1300002-123][@JR1300002-124][@JR1300002-125]

Conclusion
==========

The term *discogenic low back pain* was coined more than 30 years ago to describe pain associated with disk degeneration and still today represents an enormous socioeconomic cost to the health care systems in developed countries. Despite the burden of disease, there are no effective diagnostic tools to identify the early degenerative changes in intervertebral disks that result in pain. It is clear from the literature that disk cells in vitro have the ability to release cytokines and neurogenic and angiogenic factors if they are exposed to an inflammatory milieu. It is also well described that proteases, cytokines, and neurogenic and angiogenic factors along with nerve fibers and blood vessels are present in human degenerated disks and that cytokines as well as NP matrix applied to dorsal root ganglions induce pain in rodents. However, the early events leading up to degeneration and pain are not well understood. It is to date unclear what initiates the production of cytokines and pain mediators in vivo. Nutrient deprivation due to end plate calcification is one suggested factor. A few reports indicate that altered mechanical loading of the disks result in protease production, which by the generation of matrix fragments activating Toll-like receptors could result in cytokine production, but this still needs to be proven. There is also some evidence that adverse load by itself induces production of cytokines, along with pain and angiogenic mediators. In addition to biological and biochemical factors, social and psychological factors are known to play an important role in the generation and perception of pain, presenting an additional challenge for the treating physician in selecting patients who will respond to treatment. It is important to focus future research on the initial events leading to degeneration and pain. This will facilitate the development of biomarkers and allow for more specific therapeutic interventions preventing degradation of the disk matrix and relieving pain, thus avoiding invasive and often dangerous surgical procedures. It will also aid in distinguishing between the contribution of psychosocial and biochemical factors, allowing relevant intervention to be offered and decreasing the risk for failed treatment.
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